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1. Introduction 
Natural disaster can occur in all countries of the world. Now Japan suffers triple disasters: 
massive earthquake, vast tsunami and the world`s worst nuclear crisis. The victims with 
fear in their minds deeply might fall into fear-related disorders in future.  
Fear is a conserved emotion in response to danger and triggers some defensive mechanisms 
for adapting to threatening events for survival. Moreover, fear can lead to a number of anxi-
ety disorders when aberrantly expressed. Defining the cellular and synaptic mechanisms 
underlying fear memory will enhance our understanding of biological mechanism to ene-
mies, as well as our ability to develop treatments for individual afflicted with anxiety disor-
ders, including posttraumatic stress disorder (PTSD). 
The discovery of long-term potentiation (LTP), a phenomenon in which repetitive stimu-
lation of afferent fibers results in a prolonged enhancement of synaptic strength provided 
the cellular mechanism to explain learning and memory formation. While LTP has been 
described at many synapses in different brain regions, it has been studied most intensive-
ly at glutamatergic synapses in the mammalian hippocampus. However, linking changes 
in synapse transmission of the hippocampus to specific behavioral changes has proved to 
be difficult largely because of the complex behaviors which the hippocampus is involved 
in. 
We have to apply a simpler system to investigate such changes. Auditory fear conditioning 
induces LTP-like enhancement of synaptic transmission in cortical input to the principal 
neurons of the amygdala that both mimic and occlude LTP in acute slice induced with elec-
trical stimulation, thus providing a simple linkage between changes of synaptic strength and 
behavior in auditory fear conditioning (Tsvetkov et al., 2002). The conservation of the anat-
omy and physiology of the amygdala between species allows studies in different animals to 
get potential implications for fear memory and associated disorders in human.    
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In the rat, one of the most important researches is the finding that auditory fear conditioning 
is linked to the persistent strength at glutamatergic synapse in both thalamic and cortical 
inputs to the principal cell of the amygdala (Rogan et al., 1997; McKernan & Shinnick-
Gallagher, 1997).  
It has been widely accepted that LTP in the amygdala is the basic factor in fear conditioning 
and better understanding mechanism for LTP will leads the mechanism for fear 
conditioning (Sah et al., 2008). 
The aim of this chapter is to improve our understanding of cellular mechanism, in 
particular, synaptic mechanism underlying fear memory and permit rational development 
of better therapeutic treatments for PTSD and other anxiety disorders. We will focus on the 
lateral nucleus of amygdala (LA) because molecular and synaptic changes in this area have 
been shown to make essential contributions to the fear memory formation, storage, and 
expression of the learned fear (LeDoux, 1998).  
To get a better understanding synaptic mechanism underlying the learned fear, we firstly 
will review auditory fear conditioning in detail and the basic anatomy and properties of 
synaptic transmission of the LA. Secondly we will summarize the molecular mechanisms 
that contribute to synaptic plasticity in the auditory fear conditioning.  
Although neutral and aversive information enters via both thalamic and cortical inputs to 
the LA, the individual role of both inputs are still debated. Moreover there are a lot of 
studies about pre- and postsynaptic modifications in the induction and expression of LTP 
during auditory fear conditioning (Shin et al., 2010; Rumpel et al., 2005).  
However, the specific roles of both modifications remain elusive.   
Finally we review recent studies and discuss the two questions above. 
2. The involvement of the amygdala in the learned fear 
The most detailed behavioral studies from bilateral lesion of the primate temporal lobe sug-
gest that the temporal lobe including amygadala is involved in processing emotion (Klüver 
& Bucy, 1937). In this study, monkeys with bilateral temporal lobe lesions tried to eat inedi-
ble objects, to copulate with same-sex partners or even with other species, and lost their fear 
of snakes. The key feature of this phenomenon, called psychic blindness by Klüver and Bucy 
(1937), was seemed to lose their emotional implications despite their fine visual perception. 
In experiment using functional magnetic resonance imaging, human amygdalae was prefer-
entially activated by emotional stimuli such as fearful faces (Breiter et al. 1996). These re-
ports suggested that the amygdala plays an important role on processing emotion in re-
sponse to aversive stimulus.  
In rodent experiment, anatomical tracing and lesion studies indicated the importance of the 
LA for encoding fear memory. In particular, bilateral infusion of N-methyl-D-aspartate 
(NMDA) receptor antagonist, D-2-amino-5-phosphonovaleric acid (D-AP5) into the rat LA 
decreased the amount of the learned fear (Miserendino et al., 1990). This result suggests two 
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possibilities: the first is that we can confirm that the amygdala is the very important region 
which fear memory could be stored. The second is that NMDA receptor-dependent 
plasticity change can occur in the amygdala during fear memory formation. In 1996, two 
teams indicated that auditory fear conditioning is associated with persistent synaptic 
enhancement in auditory inputs to the LA: Rogan et al (1997) have shown the enhancement 
of evoked field potential in the LA of the conditioned rat in using in vivo recording; 
McKernan and Shinnick-Gallagher (1997) have reported that the probability of synaptic 
transmitter release in thalamic input to the principal neurons was increased in the acute slice 
prepared from the conditioned rat. Moreover, fear conditioning induced LTP-like 
enhancement of synaptic transmission in auditory input to the LA the occlude NMDA 
receptor-dependent LTP in acute slice induced by electrical stimulation (Tsvetkov et al., 
2002). In addition, gastrin-releasin peptide suppressed NMDA receptor-dependent LTP 
induction by the enhanced excitability of local inhibitory interneuron, result in the 
decreased fear memory (Shumyatsky et al., 2002). These reports demonstrat that neural 
activity by NMDA receptor activation in the LA is involved in the encoding of fear memory.  
Recently, Cho et al (2012) have been shown that the kainite receptor-dependent LTP was 
occluded in the slice of the conditioned rat and infusion of kainite receptor blockade into the 
LA attenuated auditory fear conditioning, indicating that the kainite receptor in the LA is 
essential to auditory fear conditioning by investigating LTP induction and behavioural 
experiments.   
Overall neural activity induced by glutamatergic receptor activation in the LA can promote 
the encoding of fear memory, therefore, we review the relationship between excitability of 
the LA and fear memory in the following subchapters. 
3. The animal model of fear memory: Auditory fear condtioning 
Behavior related to fear could be relatively described in human; we can easily notice the fear 
from human face expression, however, it is very difficult to achieve when it concerns 
experimental animal. To assess the quantity of learned fear, a simpler behavioral method is 
required. Auditory fear conditioning provides an animal model that is commonly used to 
study associative learning, such as fear conditioning.  
In the rat, fear conditioning learning consists to the presentation of an initially biologically 
insignificant conditioned neutral stimulus (CS; for example an auditory sound) that is 
paired with the presentation of an unconditioned aversive stimulus (US; for example an 
electric footshock). During conditioning, neutral stimulus to experimental animal is paired 
with an aversive stimulus. Following a single or a few such pairing, the neutral stimulus 
elicits a defensive response as if he is threatened by an aversive stimulus. Lesions of the 
amygdala disrupt both the acquisition and expression of fear conditioning. As subsequent 
presentation of the CS without the US elicits, in the conditioned animal, defensive behavior-
al responses (freezing responses), autonomic nervous system responses (change in blood 
pressure and heart rate) and neuroendocrine responses (release of hormones from the pitui-
tary and adrenal glands). This simple form of learning is exceptionally robust and rapidly 
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acquired, as it can be achieved as quickly as after a couple of trials (LeDoux, 1998; Whilen-
sky et al., 2000; Repa et al., 2001). Some of these defensive responses are genetically deter-
mined: animals are innate species-specific responses to threats and express defensive re-
sponses automatically despite appropriate stimuli. In fear conditioning, therefore, when the 
CS is used as an initially biological insignificant stimulus, such as sound, light or touch, 
experimental animals can show learned “fear” that had never occurred in response to the 
neutral CS.  
In the laboratory, the experimental cage for fear conditioning, equipped with stainless-steel 
shocking grids and a sound making apparatus, is placed in a sound-attenuating enclosure.  
On the training day the animal is placed in the chamber for a couple of minutes (habitua-
tion: Figure 1A) before the onset of the CS, auditory cue that is co-terminated with the US, 
footshock (fear conditioning: Figure 1B), and returns to its home cages after several CS-US 
pairings (paired group: Figure 1D). For unpaired control group (Figure 1E), animal receives 
tones and footshocks in an unpaired manner (tones and footshock are separated by random 
intervals of some minutes). During the test 24-72 hours after training, animals are placed in 
a novel cage in which the tone that had been presented during training is given after habitu-
ation period. Freezing scores are calculated as the fraction (percentage) of the total CS dura-
tion in which the animal remained immobile (Frozen) (Figure 1C). 
 
Figure 1. Auditory fear conditioning in rats. 
The CS, only a single sensory modality or cue such as audible sound, light, smell or touch, 
can be unimodal. It is well established that unimodal (cued) fear conditioning is dependent 
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